The low-affinity interactions underlying antigen recognition by T-cell receptors (TCRs) are thought to involve antigen-independent adhesion mech . Using a hydrodynamic approach, we found that antigen-independent adhesion occurred between human B cells and resting T cells in a transient and temperatur-dependent fashion. The mean cell-cell adhesion force was 0.32 x 10-9 N and was generated by similar contributions (0.16 x 10-9 N) of the LFA-1-and CD2-dependent adhesion pathways. After T-cell stimulation with a phorbol ester, the force contributed by LFA-1 was drastically increased, while that of CD2 was unaffected. We propose that weak receptor-mediated adhesion initiates antigen-independent intercellular contacts required for antigen recognition by the TCR and is upregulated following TCR engagement. The method used permits adhesion forces between living cells to be resolved at the molecular level and should prove valuable for the rapid assessment of interaction forces between various types of cells and cell-sized particles.
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A pivotal event in the specific immune response is the recognition of cell-borne antigens by the T-cell receptor (TCR) (1) . Since the affinity of TCRs for peptides bound to molecules encoded by the major histocompatibility complex (MHC) is very low, it is thought to be not strong enough to mediate stable physical contacts between T lymphocytes and antigen-presenting cells (APCs). Accordingly, a growing number of adhesive receptor-ligand interactions have emerged which are thought to stabilize such low-affinity interactions (2, 44) . The best-characterized adhesion pathways involved in the cytotoxic and helper response are (i) LFA-1 (CD18/CD11a) with ICAM-1 (CD54) (3) and ICAM-2 and -3 (4, 5) and (ii) the T-cell differentiation antigen CD2 with LFA-3 (CD58) (6, 7) and possibly CD59 (8) . Other molecular interactions may also be involved-e.g., "very late antigens" (VLAs)-with specialized receptors (9) , CD5 with CD72 (10), CD28 with B7 (11, 12) , and CD43 with ICAM-1 (13) .
Brief signaling through the CD3/TCR complex, or brief stimulation by activators of protein kinase C, rapidly upregulates the activity of the LFA-1/ICAM-1 adhesion pathway (14, 15) . Based on these results, the current view is that an antigen-specific signal is required for resting T cells to adhere to potential APCs (2) . The question thus arises as to whether initial contacts between resting T cells and potential APCs result from random, passive encounters without the engagement of specific receptors or whether they require the basal activity of specific adhesion molecules.
We have addressed this question by assessing the strength of adhesive cell-cell conjugates made in the absence of exogeneous antigen between human peripheral resting T cells and a lymphoblastoid B-cell line (Raji) representing mature B lymphocytes. The method devised here for measuring weak intercellular adhesion forces (see next section) also allowed us to resolve and quantify the individual mechanical contributions of the LFA-1-and CD2-dependent adhesion pathways.
Use of Hydrodynamic Elonational Stress to Assess CeBl-Ced Adhesion Strength
The strength of cell-cell adhesion can be gauged by the external forces required to dissociate cell-cell conjugates. Disrupting forces can be applied either by direct microscopic manipulation, by centrifugation, or as hydrodynamic stress. We used the stress generated by the hydrodynamic extension occurring in flow cytometers. These instruments are designed for automatically measuring various optical parameters from individual cells contained in a suspension (16 To generate a wide and continuous range of calibrated hydrodynamic extensions, we have designed a funnel-like flow chamber with a smoothly converging geometry (17) so as to meet three essential criteria: (i) the velocity gradient on the central axis can be very much reduced, (ii) the whole chamber can be represented as an axisymmetric funnel, and (iii) the velocity field and its gradient can be computed in the whole chamber.
A theoretical model has been elaborated to describe laminar flows in axisymmetric funnels and compute the local extensions generated along their axis (F.A., unpublished work). With this model, it was possible to compute the flow velocity V(z) as a function of the position along the chamber axis (z axis) and to derive its gradient G(z) and the flight time t(z) (Fig.  la) . These functions depend in a quasilinear fashion on the mean flow velocity V, at the chamber exit, the range of which extends from 0.01 to 10 ms-1. Correspondingly, Gm, the maximum value of the velocity gradient, ranges from 44 to 44,000 s-1. In our experimental conditions, the predominant forces experienced by cells during their transit are the viscous and pressure forces generated by the relative motion of the fluid surrounding the cells. At each position z along the axis, this local relative fluid motion is a pure axisymmetric extension with hyperbolic stream lines (Fig. lb) by the extension rate G(z). This series of elongation tends to orient cell-cell conjugates with their line of centers parallel to the z axis. The orientation effect at position zdepends on z but not on the flow rate; it can be estimated by using a dimensionless orientation parameter r(z) (Fig. ic) . When conjugates cross the high-stress region (shaded area in Fig. 1 a and c), X 3, which indicates that 90%o of the conjugates have their line of centers within a 5°vertex about the z axis (F.A., unpublished work). The high stress can thus be represented by a transient elongation parallel to the line of centers (Fig. lb) , with rate Gm, and which tends to disrupt conjugates. A unique feature of the present approach is that the time spent in the high gradient region is very short; it varies as V-l and equals roughly 0.05 s when VM = 0.01 m s-.
In practice, the assessment of the adhesion strength of conjugates formed in suspension between T and B lymphocytes is based on determining the proportion of conjugates which resist disruption as a function of V,. This is done in the flow cytometer by identifying and counting T cells (small red intracellularly stained objects), B cells (large unstained objects), and conjugates (C, large red objects). The conjugation index, defined as C/(C + T + B) (Fig. 2) , was plotted for each sample as a function of Ve; from the resulting dissociation curve the critical mean exit flow velocity was calculated (VD), at which half the conjugates were disrupted. By using the above proportionality rule, the critical velocity gradient G, (19, 20) . However, this has been shown only with nonresting T cells and after cosedimentation at 10-50 x g (19) . The de-adhesion observed at 370( fits with the observation that adhesion is transient if no antigen is recognized on the relevant target (21) .
In suspension, conjugate formation is less efficient than in cell pellets, and cell-cell contacts are not synchronized, so that the kinetics measured here do not reflect the kinetics To mimic the triggering of adhesion pathways by antigen recognition, we stimulated T cells with PMA, a phorbol ester known to induce strong adhesive phenotypes in human T lymphocytes through activation of protein kinase C (22) . Indeed, the stimulatory effects of PMA on conjugate formation involving resting T cells appear to be similar to those obtained with crosslinked monoclonal antibodies directed against the CD3/TCR complex (14, 15) . In line with these results, we found that brief PMA stimulation of T cells increased the rate of conjugate formation and the maximum conjugation index (Fig. 3b) .
Mechanical and Molecular Analysis of T-Cell-B-Cell Adhesion Forces
To gain insight into the mechanical aspects of cell adhesion, conjugate resistance (GJ) between B cells and both resting and PMA-activated T cells was assessed at times when conjugation indices were maximal (Fig. 3) . To measure the contribution of the LFA-1/ICAM-1,-2 and CD2/LFA-3 adhesion pathways, we focused our attention on their T-cellborne counterparts by using monoclonal antibodies (mAbs) against LFA-1 and CD2, which, in our system, bind only to the T-cell surface; indeed, LFA-1 is not expressed by Raji cells (data not shown), which express LFA-3, ICAM-1 and -2, but not ICAM-3 (5) . Conjugates made between B cells and resting T cells were disrupted at a high velocity (Fig. 4a) , allowing a critical velocity, Vc, and a critical gradient, Gc, to be determined (Table 1) . mAbs directed against LFA-1 and CD2 had similar effects-i.e., a reduction in the conjugation index at low velocity and a weakening of conjugate resistance (Fig. 4a) . This indicates that LFA-1-and CD2-dependent adhesion pathways form mechanically independent intercellular bridges and that initial intercellular contacts are hindered by mAbs, thus lowering conjugation efficiency measured at low stress. Combined treatment with the two antibodies reproducibly reduced conjugate formation to background levels. T and B lymphocytes express only lowaffinity Fc receptors, which fail to bind monomeric immunoglobulins (24) ; this rules out the possibility that mAbs against LFA-1 and CD2 might act through their Fc portion, as confirmed by the observation that saturating concentrations of isotype-matched control mAbs WT31 (against the CD3/TCR complex), anti-Leu-1 (anti-CD5), and IOT2 (anti-HLA class I) had no effect (data not shown). The presence of conjugates that resisted high-velocity stress (Fig. 4a ) may be accounted for by a minor population of activated T cells using alternative adhesion pathways.
After 30 min of stimulation with PMA, resting T cells formed very stable conjugates (Fig. 4b) which resisted even the very high stress produced by the unmodified FACStarPIUs (-2.7 x 105 s-1; Table 1 ). This vigorous stimulation was also observed in the presence of anti-CD2 mAbs but was almost completely abrogated by anti-LFA-1 mAbs (Fig. 4b) ; in agreement with previous reports (14, 15, 25) , this clearly indicates that PMA selectively enhances LFA-1-mediated adhesion but has no effect on CD2.
To permit comparison with adhesion forces measured previously, we developed a theoretical model for translating the critical extension rate Gc into a disruption force F_. We obtained Fc = 4irpabGcL, where ,u is the fluid viscosity, a and b are the mean radii of T and B cells, and L is a function of b/a (F.A., unpublished work). Numerically, with ,u taken as the viscosity of water at 4°C (1.5 kg'm-' s'1), a = 8 ,um for B cells, and b = 3.5 ,um for T cells, we obtained F = 0.61 x 101-2 x G,. Unfortunately, this formula is valid only in the case of rigid spheres. However, this simplistic hypothesis is quite good because (i) the transit time through the constriction is much shorter than the viscoelastic time constants measured for large deformations of leukocytes (>1 s) (26, 27) and (ii) their elastic modulus involved fast deformation (.300 dynes-cm-2; ref. 28; 1 dyne = 10-5 N) greater than the bulk extension pressure (Pe = 2pGGm) at which we operated.
Indeed, if Ve = 0.1 m s-1, Pe 13 dynes cm-2 and available experimental data (28) give a linear elastic deformation of 0.5% for leukocytes.
Since the cells were considered rigid, the mechanical work contributed by Fc essentially equals the work required to break molecular contacts at the interface between the apposed cell membranes. A notion of "mean adhesion force"
can thus be introduced, for which Fc can be considered as a suitable representation. The adhesion strength between B cells and resting T cells (Table 1) is much lower than that between cytotoxic T cells and target cells (29) and at the lower end of the range of known intercellular forces (30) (31) (32) (33) (34) (35) (36) Immunology: Amblard et A cooperation (39) , while significant receptor concentration is unlikely to occur in the contact zone. This conclusion does not hold for postactivation adhesion. While the contribution of CD2 is apparently not affected by PMA, the marked increase in the force contributed by LFA-1-mediated bonds can be accounted for by increases in both bond strength and/or bond numbers, and several mechanisms can be put forward: (i) an increase in the lateral mobility of LFA-1 molecules could favor receptor concentration in the contact zone, (ii) the association of LFA-1 with cytoskeletonassociated proteins [e.g., talin (40) ] could prevent receptor uprooting, or (iii) PMA could influence lateral interactions of LFA-1 with potentially repulsive surface molecules and modulate its adhesive capabilities. Finally, the evidence of activation-associated epitopes on LFA-1 (NKIL16) and other integrins (41) strongly supports the hypothesis of a conformational change which, combined with tighter cytoskeletal anchoring, could account for increased bond strength.
Conclusion
It is generally believed that T cells must be in an activated state to adhere in an antigen-independent fashion to potential APCs through the LFA-1-and CD2-dependent pathways; experimental activation can be either long-term using stimulatory cells (2, 22) or short-term using PMA or mAbs against the CD3/TCR complex (14, 15) . The present findings extend to resting T cells the notion of antigen-independent adhesion which has been firmly established only for clones and lines of cytotoxic and helper T cells and for PMA-stimulated peripheral T cells (2, 3, 6, 7, (19) (20) (21) . Antigen-independent conjugates formed here with resting T cells are much weaker than those involving previously activated cells, which could easily be detected in standard high-stress flow cytometers (19) .
The above in vitro evidence strongly supports the notion that the initial cell-cell contacts required for antigen recognition do not result from random, passive intercellular encounters but, rather, require the basal activity of specific adhesion molecules. This requirement may be related to the fact that nonspecific intercellular repulsion forces probably prevent the formation of cell-cell contacts sufficiently close to allow antigen recognition ab initio (42, 43) .
Despite its poor mechanical resistance to disruption, the antigen-independent adhesion observed here Might provide sufficient proximity between cell surfaces in lymphoid organs and for a long enough time to enable the probatory and low-affinity engagement of the TCR when APCs are "scanned" for the presence of a stimulatory MHC-peptide complex. Antigen recognition, partially mimicked here by PMA, would probably result in a rapid upregulation of LFA-1-mediated activity leading to persistent strong adhesion through a larger contact area. Our proposal is that this weak, antigen-independent adhesion involves only a very small number of receptors and does not require receptor concentration in the contact zone; this implies that, under appropriate conditions of cell density, the whole T-cell surface could be available for simultaneous adhesion to several cells, thereby permitting more efficient "sensing" of the three-dimensional environment in lymphoid organs for the presence of membrane-bound antigens.
